Historically, acute kidney injury (AKI) carried a deadly prognosis in the burn population. The aim of this study is to provide a modern description of AKI in the burn population and to develop a prediction tool for identifying patients at risk for late AKI. A large multiinstitutional database, the Glue Grant's Trauma-Related Database, was used to characterize AKI in a cohort of critically ill burn patients. The authors defined AKI according to the RIFLE criteria and categorized AKI as early, late, or progressive. They then used Classification and Regression Tree (CART) analysis to create a decision tree with data obtained from the first 48 hours of admission to predict which subset of patients would develop late AKI. The accuracy of this decision tree was tested in a separate, single-institution cohort of burn patients who met the same criteria for entry into the Glue Grant study. Of the 220 total patients analyzed from the Glue Grant cohort, 49 (22.2%) developed early AKI, 39 (17.7%) developed late AKI, and 16 (7.2%) developed progressive AKI. The group with progressive AKI was statistically older, with more comorbidities and with the worst survival when compared with those with early or late AKI. Using CART analysis, a decision tree was developed with an overall accuracy of 80% for the development of late AKI for the Glue Grant dataset. The authors then tested this decision tree on a smaller dataset from our own institution to validate this tool and found it to be 73% accurate. AKI is common in severe burns with notable differences between early, late, and progressive AKI. In addition, CART analysis provided a predictive model for early identification of patients at highest risk for developing late AKI with proven clinical accuracy. (J Burn Care Res 2012;XX:000 -000)
Historically, acute kidney injury (AKI) has carried a deadly prognosis in the burn population with most studies reporting a mortality of 80 to 85% [1] [2] [3] [4] and the oldest report reaching 100% mortality. 5 Since the 1950s, the incidence of AKI has ranged from 1 to 40% of burned patients. [1] [2] [3] [5] [6] [7] Varying definitions of AKI account for this wide range in incidence and have hampered research efforts to accurately define or classify patients with renal dysfunction. Often, burn patients were not considered to have renal dysfunction until they required renal replacement therapy (RRT). Therefore, up to 50% of these AKI patients were treated with RRT. 8 The risk, injury, failure, loss, and end-stage kidney (RIFLE) classification system has been developed to more accurately categorize severity of renal dysfunction and has enabled investigators to better study outcomes of AKI in critically ill patients, including burn patients. 9 -14 RIFLE defines three grades of increasing severity of AKI: risk, injury, and failure based on changes in serum creatinine or urine output along with two outcome categories-loss and end-stage kidney disease. 9 Recently, RIFLE criteria have been used in the burn population to correlate early AKI, late AKI, and worst RIFLE score with hospital outcomes. 15, 16 Inadequate fluid resuscitation during the initial postburn period contributes to early AKI or AKI occurring during resuscitation. 8 In contrast, late AKI has multiple etiologies and is usually associated with sepsis and multiple organ dysfunction syndrome (MODS) . 8, 17 Improvements in early fluid resuscitation have decreased the incidence of early AKI but have only modestly improved the overall mortality rate as early MODS is relatively uncommon. In contrast, late MODS is a relatively common problem and is the most common cause of death in the severely burned patient who dies after the initial resuscitative phase. 14, 18, 19 The exact pathophysiology of late AKI in the burned patient is still poorly understood. 1, 17 These poorly understood etiologies make predicting which burn patients will suffer late AKI quite difficult, and there remains controversy about how best to treat AKI, with questions about the best dose of dialysis per treatment and timing of RRT initiation. 15,20 -22 Thus, as we explore the answers to these questions, it is clear that any renoprotective strategy would require early identification of patients at risk for AKI.
The "Inflammation and Host Response to Injury" (Glue Grant) is a collaborative program supported by the National Institute of General Medical Sciences. As part of this study, a large clinical database of patients with extensive burn injury has been maintained. In the context of this prospective cohort study, we sought out to investigate the incidence of late AKI and employed decision analysis methods, specifically classification and regression tree (CART), to examine complex interactions and identify patients at risk for late AKI early in their hospital course.
In contrast to traditional statistical modeling methods, CART divides the dataset into subgroups (segmentation), stratifying individuals based on the desired outcome(s), to create a set of decision rules. 23 CART is a nonparametric analysis that simultaneously examines interactions between multiple variables to create a decision tree. 23, 24 Researcher bias is limited as CART can use large numbers of variables to create a decision tree. The resulting tree is not evaluated with traditional statistical tests (P values), but instead the classification accuracy is tested on an independent set of data or with cross-validation techniques applied to the same dataset. To date, there are no studies in either the general surgery or trauma literature that employ these methods to predict an outcome such as AKI, but this method has been used extensively in industry and other medical fields.
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METHODS
Study Design
We conducted a retrospective cohort study of prospectively acquired data to identify predictive factors for developing late AKI in the context of a prospective multicenter observational study and then analyzed our results in a second population to validate our results. CART analysis was used to predict which patients were at risk for developing late AKI. Specifically, we were interested in early (within the first 48 hours postinjury) clinical characteristics that predict late AKI (defined as AKI occurring after the resuscitative phase or first 48 hours). After first characterizing AKI in critically ill burn patients using the Glue Grant's Trauma-Related Database (TRDB), we entered early patient data into CART analysis, creating a simple decision tree that identified patients who subsequently developed late AKI. Finally, after developing our decision tree in the Glue Grant database, we tested the accuracy of the decision tree with a smaller, retrospective database from our own institution.
Patients and Data Collection
For the first study population and identification of predictive factors associated with late AKI, eligible subjects included all 220 adults with complete outcome data enrolled in the burn component of the Glue Grant's TRDB as of August 15, 2008 . Criteria for adult patient enrollment into the Glue Grant study were age Ն18 years, burn size Ն20% TBSA, no other concomitant trauma, and admission to the study center within 96 hours of injury. Patients who were not resuscitated and placed on comfort care were not eligible for enrollment. 28 To validate the decision tree created with the Glue Grant dataset, we analyzed patients treated at the Loyola University Medical Center (LUMC) burn center. In this process, we conducted a retrospective chart review of 1688 consecutive burn center admissions between January 1, 2006, and December 31, 2008 . Patients at least 18 years old with burns of 20% or greater TBSA were selected. Patients with toxic epidermal necrolysis syndrome, necrotizing fasciitis, or other soft tissue infections were excluded from further analysis. Also excluded were seven patients who did not survive beyond 48 hours, as these patients were also likely not included in the Glue Grant study. Patients meeting these criteria but who had enrolled in the Glue Grant study were excluded to eliminate duplications. This left 89 LUMC patients who met our inclusion criteria.
For our analysis of the LUMC patients, we extracted the same data that was included from the Journal of Burn Care & Research TRDB. This included patient factors such as age, sex, race, height, and weight as well as injury features such as burn mechanism, %TBSA burned, presence of inhalation injury, resuscitation volume, urine output, transfusion requirements, and the need for mechanical ventilation on admission and laboratory findings such as the highest and lowest values from the first 24 hours of admission for sodium, potassium, base deficit, pH, and glucose as well as early creatinine values and the highest creatinine during the hospitalization.
All the preexisting comorbidities and medications were also recorded, and a complete listing of all these variables can be found in the Appendix. Pertinent outcomes from the hospital course such as treatment with dialysis, type of dialysis, and hospital survival were also collected. This study was conducted after approval by the Glue Grant administrative core and by the LUMC institutional review board.
Definitions
We defined AKI based on the Acute Dialysis Quality Initiative's RIFLE classification which utilizes serum creatinine and urine output criteria to grade severity of AKI in critically ill patients. 11 The RIFLE score was calculated by assessing incremental increases in serum creatinine and urine output as has been reported previously. 9, 16 Early AKI was defined as the worst RIFLE score within the first 48 hours. When urine output data was not available, the worst early RIFLE score was obtained using the creatinine values alone. Because baseline creatinine levels were not available for patients enrolled in the Glue Grant study or from LUMC and the initial creatinine level at hospital admission likely reflects the effects of the burn injury that occurred before admission or during the initial phase of care, baseline creatinine values were estimated by age, race, and sex according the modification of diet in renal disease equation as has been done by other investigators.
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Late AKI was defined by calculating a RIFLE score using the highest creatinine value obtained during the patient's hospital stay. Urine output data were not available for either the Glue Grant patients or those from our own database after resuscitation. Therefore, if the highest creatinine value indicated an increase of at least one and a half times the baseline (corresponding to the "Risk" category), then the patient was considered to have late AKI. The RIFLE score is calculated by adding 1 point for each successive category obtained by the RIFLE criteria (ie, 1 point for "Risk," 2 points for "Injury," etc). Progressive AKI was defined as those patients with early AKI whose RIFLE score either remained the same or got worse at later time points.
Data Analysis
We compared baseline patient and clinical characteristics between patients with and without AKI including age, sex, ethnicity, %TBSA, burn mechanism, presence of inhalation injury, Denver multiorgan failure score at 24 hours and maximal Denver score, resuscitation volume, urine output, abdominal compartment syndrome, escharotomy, and decompression laparotomy. Total fluid volume (including colloid and crystalloid) administered in the first 24 hours after injury was examined as a function of the volume predicted by the Parkland Formula (4 ml/kg/%TBSA). Acute respiratory distress syndrome, progression of AKI defined by worsening RIFLE classification, initiation of RRT, development of MODS, and discharge status were recorded for each patient.
Because late AKI is often associated with MODS, we used the Non-renal Organ Failure (NROF) score as a marker of MODS that eliminates the AKI component and serves as an indicator of the degree of systemic illness during the resuscitative phase. The NROF score creates a modified Denver score by assigning 1 point for each nonrenal organ system (cardiac, pulmonary, or hepatic) in dysfunction. 29 Patient comorbidities were recorded and then used to create a Charlson score as an index of each patient's overall preexisting level of health. 30 This index has been used previously in the burn population. 16 Statistical analyses were performed with STATA software, version 10.0 (Stata Corporation, College Station, TX). The Fisher's exact test or 2 test was used to compare qualitative data while the Student's t-test was used for continuous variables. When comparing values from more than two groups, analysis of variance or the Kruskal-Wallis test was used for continuous variables where appropriate. Differences were considered statistically significant if P Ͻ .05.
CART (CART 6.0; Salford Systems, San Diego, CA) was used to analyze the interactions between 33 different predictor variables (see Appendix for list of variables included) and the outcome of interest, late AKI. CART analysis was used to grow a decision tree using the Gini splitting function with maximum tree depth of five and a minimum number of parent node cases of 30 while the minimum number of cases for the child nodes was set at 10.
RESULTS
Patient and Injury Characteristics
Baseline characteristics for both the Glue Grant and LUMC datasets are displayed in Table 1 . Two hundred twenty patients in the Glue Grant study and 89 patients from LUMC met our inclusion criteria (Table 1). The average age in the Glue Grant dataset was 42.4 years while the average age in the LUMC dataset was 46.2 years (P ϭ .07) ( Table 1 ). As expected, most patients were male (72.9% in the Glue Grant, 76.4% in the LUMC set, P ϭ .52), and the most common injury type was a flame burn ( Table 1) . The majority of patients were Caucasian although the LUMC component contained significantly fewer Caucasian patients compared with the Glue Grant dataset (67.9% vs. 53.9%, P ϭ .02) ( Table 1 ). Average burn size was larger in the Glue Grant (43.1% TBSA vs 38.2% TBSA, P ϭ .02), although more patients from LUMC suffered inhalation injury (42.7% vs 39.1%, P Ͻ .01) ( Table 1) .
Comparing the LUMC and Glue Grant patients, it is important to note that the LUMC patients presented with more comorbidities as measured by the median Charlson comorbidity index (1 vs 0, P Ͻ .01) and experienced more organ dysfunction as measured by their median NROF score (1 vs 0, P Ͻ .01) ( Table 1) .
Differences Observed by AKI Type
To identify patients in the Glue Grant with early and late AKI, RIFLE scores were used to divide patients into four groups: those with no renal dysfunction at any time, those with early AKI, those with late AKI, and those with progressive AKI. Using this classification scheme, 117 of the 220 total patients (53.2%) did not suffer any renal dysfunction during their hospitalization, 49 patients (22.3%) suffered early AKI, 39 patients (17.7%) suffered late AKI, and 16 patients (7.3%) developed progressive AKI (Table 2) . Table 2 provides patient, injury, and clinical data according to AKI type. The progressive AKI subset was statistically older with more comorbidities than those with early or late AKI and was the group with the highest NROF scores (P Ͻ .001) ( Table 2) . Accordingly, this group had the worst survival, with only 18.8% of the progressive AKI group surviving, compared with 79.6 and 64.1% in the early and late AKI groups, respectively. The highest percentage of patients intubated on arrival to the burn center occurred in the late AKI group (86.8%), and this group also had the highest incidence of inhalation injury (64.1%) (P Ͻ .001). There were no differences between the groups in terms of the resuscitative volume administered as measured by the fraction of Parkland resuscitation received (Table 2) .
Laboratory and clinical values obtained within the first 24-hour period were notable for worsening base deficit in the groups with late or progressive AKI. In addition, the progressive AKI group also displayed the worst glucose control, having both the highest and lowest mean glucose levels among the four groups (Table 2) . Table 3 describes the four groups in their need for dialysis, mode of RRT, development of late MODS, hospital length of stay (LOS), and hospital mortality. None of the patients with early AKI were treated with hemodialysis, whereas 75% of those with progressive AKI and 33% of those with late AKI were treated with hemodialysis (Table 3 ). Patients were classified by dialysis type according to the modality used for the greatest number of days during their hospitalization. Most patients, however, were treated with a combination of intermittent and continuous hemodialysis as their hemodynamic condition dictated. Notably, from a cost of care and ongoing utilization of resources standpoint, of the patients treated with hemodialysis, only 23.1% of the patients with late AKI needed dialysis at discharge compared with 62.5% of those with progressive AKI (Table 3) . Because renal dysfunction frequently occurs as part of MODS, we also examined rates of MODS by AKI type. MODS was rare (4.3%) in those patients not suffering any type of AKI; however, 24.5% of patients with early AKI and 61.5% of those with late AKI experienced MODS (Table 3 ). The highest incidence of MODS (93.8%) occurred in the progressive AKI group (Table 3) . Interestingly, patients with late AKI had the longest LOS at an average of 71 days, and patients with progressive AKI had the shortest LOS of 27 days, as many died relatively early.
RRT, MODS, and Length of Stay
CART Analysis for Late AKI
To create the CART decision tree, 33 separate predictor variables were entered into the software to classify patients who later would develop the outcome of interest, late AKI. Variables included clinical, demographic, and laboratory values usually obtained within the first 24 hours of admission (see Appendix for a full listing of variables entered into CART). Because we sought a simple decision tree that could be employed at the bedside to identify patients at risk for late AKI early in their hospital course, we chose variables that would be readily obtained within the first 48 hours of admission. In addition, we limited the number of derived variables to the Charlson score and NROF score.
The CART tree grown with the Glue Grant dataset contained four levels ( Figure 1) . The most important factor was the NROF score, as 88.3% of those with an NROF score of 0 did not suffer late AKI (Table 1) . Of patients with an NROF score Ն1, the next most important predictor was the worst base deficit obtained within the first 24 hours of admission. The second terminal node contained those patients having a worst 24-hour base deficit of ՅϪ11.4 with 75% of these patients suffering late AKI. In the group with a 24-hour base deficit ϾϪ11.4, the next most important determinant of late AKI was a lowest 24-hour glucose measurement of Յ83 mg/dl. In this group, 68.8% of patients suffered late AKI. The final split among patients with a lowest glucose Ͼ83 mg/dl was whether or not they received a transfusion during the resuscitative phase (Figure 1) . In this final level of the tree, the terminal nodes were the least decisive, demonstrated by only 56.3% of transfused patients developing late AKI. This decision tree had an overall classification accuracy of 80% (Figure 2 ) for the Glue Grant dataset. To validate these findings in another separate dataset, we tested this tree using the LUMC data where it had an overall accuracy of 73.3% (Figure 2) .
It is important to note that the CART software created these segmentations in the continuous or ordinal variables to best categorize the patients with late AKI. Neither the predictive variables nor the cutoff values were empiric or arbitrary choices by the investigators.
DISCUSSION
This study provides a modern description of AKI among adult patients with severe burns. Unlike reports from the last century, 1 which include patients with varying severity, onset, and etiology of AKI, we have provided a structured definition of AKI based on the RIFLE criteria. Using a large, prospectively collected multi-institutional database, we were able to distinguish early (occurring during the resuscitative phase) from late (occurring after the resuscitative phase) AKI, and we found significant differences in outcomes between these two groups. Survival with early AKI was better (79.6%) than with late AKI (64.1%), and late AKI was also associated with both early and late organ failure (Tables 2 and 3) .
We also noted that those with progressive AKI had more comorbidities, the worst organ failure scores (NROF), and the lowest survival (18.8%) ( Table 2 ). While none of the patients with early AKI were treated with dialysis and one third of those with late AKI were treated with dialysis, the highest dialysis use (75%) occurred in the progressive AKI group and 62.5% of these patients continued dialysis at the time of discharge (Table 3 ). In comparison, only 23.1% of those with late AKI were being dialyzed at discharge, indicating that most patients with late AKI regained enough renal function to be liberated from RRT and that progressive AKI is a different entity from early or late AKI.
It is important to contrast our 17.7% rate of late AKI with recent reports of AKI using the RIFLE criteria. The first use of RIFLE criteria in the burned population was by Coca et al 14 who report an overall 27% rate of AKI, but they included patients with 10% TBSA or greater, used the lowest creatinine value in the first 5 days as a baseline, and used the highest creatinine value of the hospitalization to create a RIFLE score. Their reported mortality of 60% with the failure class is similar to our mortality for late AKI of 64.1% (Table 2 ), but they did not distinguish between early or late AKI and analyzed smaller burns. 14 Mosier et al 16 found that patients with early AKI had a higher mortality and greater incidence of early MODS than patients without early AKI and also identified differences between early, progressive, and late AKI. Clearly, the timing of AKI onset significantly affects outcomes, as those with late AKI suffer more MODS and worse mortality (Tables 2 and 3) , but it is not as dismal of a prognosis of 80 to 100% mortality as previously reported in the last century. 1, 3, 17, 19, 31 Defining the subset of patients with progressive AKI distinguishes the group of patients with the worst survival (18.8%), and we feel that these classifications will be important in stratifying patients for evaluation of novel AKI therapies in the future.
With this in mind, we created a decision tree using CART analysis to identify patients at risk for late AKI early in their hospital course. Our goal was to create a simple decision tool that could be used at the bedside. The resulting decision tree was four levels. Not surprisingly, the NROF score was the best variable for classifying patients at risk for late AKI (Figure 1) . Late AKI has long been associated with sepsis and MODS. 1, 32, 33 In addition, MODS and late kidney injury have been associated with inhalation injury, 1, 6, 33 but our decision tree does not include inhalation injury. Although univariate analysis found significant differences in the percentage of inhalation injury between those with none, early, or late AKI, there were a significant number of patients with inhalation injury among those who did not suffer any AKI or who only experienced early AKI (25 and 44.9%, respectively, Table 2 ). The mathematical driving force behind CART analysis is to develop a "pure" node where 100% of its subjects can be classified as having a particular outcome. Therefore, inhalation injury proved less powerful in its ability to split the group into a "pure" node. A NROF score of 0, on the other hand, provided a terminal node where 88% of its occupants did not suffer late AKI (Figure 1 ).
For patients with a NROF score Ն1, their worst base deficit within the first 24 hours proved best in its ability to split the group according to the outcome of interest, late AKI (Figure 1 ). Numerous studies in both humans and animal models have demonstrated a relationship between early base deficit, MODS, and death. 34 -38 Most of these reports find that early base deficits correlate with a more severe inflammatory response, tissue malperfusion, and higher fluid requirements. This has led some to suggest that realtime monitoring of acid-base status with therapy specifically directed at this end point rather than traditional end points of urine output or mean arterial pressure. [37] [38] [39] Volumes of resuscitation did not differ between those without AKI, early AKI, or late AKI (Table 2) , and although Parkland score was a variable input into the CART software (Appendix), it was not selected for the decision tree. Alterations in acidbase status may reflect kidney malperfusion, or an early subclinical renal injury, while traditional markers of urine output and hemodynamic parameters are preserved, as other investigators have noted a higher incidence of acute respiratory distress syndrome and MODS with a 24-hour base deficit ϽϪ6.
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Among those with less severe base deficit, lowest glucose within the first 24 hours split the group into those with late AKI (lowest glucose Յ83 mg/dl) vs those without late AKI (lowest glucose Ͼ83 mg/dl). Hyperglycemia has long been associated with poor outcomes in both burn and trauma patients. [41] [42] [43] [44] [45] Pidcoke et al 46 have demonstrated an increased mortality associated with glucose variability, as opposed to hyperglycemia alone. Here, the lowest glucose reading within the first 24 hours may be a marker for glucose variability or may highlight the increased mortality observed with hypoglycemic events that occur with intensive insulin therapy. 47 Other proposed mechanisms include increased muscle catabolism and modulation of the innate immune response. 42, 48 This last point underscores CART's ability to uncover layered relationships not immediately obvious with simple observation or univariate analysis. For example, the decision tree depicts a connection between those with NROF score Ն1, worst base deficit, lowest glucose, and blood transfusion within the first 24 hours of admission (Figure 1 ). Such a relationship was not immediately obvious either by intuition or traditional statistical methods (Table  2) , illustrating this method's power in discerning and displaying these relationships in an intuitive, visual output that can easily be converted into clinically useful algorithms.
The final layer in our decision tree indicated that among those with a lowest 24-hour glucose Ͼ83 mg/dl, a blood transfusion during this same early period best divided the group into those with late AKI vs those who did not have late AKI, although this last layer is less "pure" than some of the terminal nodes higher in the tree. As an example, 56.3% of those who received a blood transfusion within the first 24 hours subsequently developed late AKI. Nonetheless, blood product transfusion has been associated with increased complications, including MODS and death in trauma, burn, and critically ill patients. 49 -51 The only direct link between blood product transfusion and kidney injury occurs with antigen mismatch or other immunologic reactions. Given this variable's lack of discerning power for late AKI, it may simply be a marker for late MODS or severity of injury.
This last level of the decision tree illustrates how CART lacks explanatory capability. Variables that prove best at subdividing patients according to outcome of interest might not be causal factors. Rather, they could be markers for etiologic variables either not collected or data that are not predictive because of how it is coded. The latter might certainly be the case in this large, multi-institutional database.
Another limitation of the study is that the Glue Grant TRDB was prospectively gathered while the data from LUMC was retrospectively collected. This might account for the decreased classification accuracy within the LUMC dataset. An accuracy of 73% in the testing set and 80% in the learning set, however, is in line with many published results using this same method, and often trees are developed and published without any evaluation of its performance on a separate dataset as we have done here. 27, [52] [53] [54] 
CONCLUSION
This study generated a prediction tool that used clinical and laboratory information already part of routine practice. The CART decision tree created was highly accurate within a large multi-institutional dataset, and its accuracy remained when tested in a smaller, single-institution population that was slightly older and had more comorbidities than the learning set ( Table 1) . If new strategies for early intervention are to be successful in further improving survival for burn patients who suffer late AKI, then early identification of patients at risk is necessary. The next phase of this study will be a prospective examination of its predictive capability at our own institution. We believe that this tool will also be useful for selecting patients in randomized studies that are evaluating newer treatment or prevention strategies for late AKI.
Herein, we have provided a simple tool for early identification of burn patients at risk for late AKI which can be used for developing clinical pathways, designing clinical trials, and improving care for this complication that remains less deadly but still challenging.
